1 3 9 1 a r t I C l e S Obesity is often associated with an eating disorder, which contributes to dysregulation of body-weight homeostasis and energy balance 1 . The hypothalamus is an important site that is essential for the physiologic regulation of food intake and body weight 2 . Impaired leptin signaling in the hypothalamus causes hyperphagia, which then promotes adiposity and weight gain 3 . Over the past decade, there have been intensive efforts to identify mediators of leptin action in the hypothalamus that control feeding behavior, energy expenditure and glucose metabolism 4 .
Obesity is often associated with an eating disorder, which contributes to dysregulation of body-weight homeostasis and energy balance 1 . The hypothalamus is an important site that is essential for the physiologic regulation of food intake and body weight 2 . Impaired leptin signaling in the hypothalamus causes hyperphagia, which then promotes adiposity and weight gain 3 . Over the past decade, there have been intensive efforts to identify mediators of leptin action in the hypothalamus that control feeding behavior, energy expenditure and glucose metabolism 4 .
In the CNS, a long-form leptin receptor (LepRb) is expressed in the hypothalamic arcuate nucleus (ARC), which is involved in the regulation of body weight and energy metabolism 5, 6 . Two distinct populations of neurons, POMC neurons and agouti-related protein (AgRP)/neuropeptide Y (NPY)-producing neurons, in the hypothalamic ARC are directly regulated by leptin 7, 8 . The anorexigenic POMC neurons are activated by leptin, whereas the orexigenic AgRP/NPY-producing neurons are inhibited by it 5, 9 . Consistent with this, hypothalamic Pomc mRNA levels are reduced in leptin-deficient ob/ob mice and they are elevated by leptin supplementation [10] [11] [12] . Studies have shown that mice lacking LepRb in POMC 13 or AgRP neurons 14 are obese on normal chow diet and that LepRb deficiency in both POMC and AgRP neurons has additive effects on body weight. These data clearly suggest that leptin signaling in POMCand AgRP-expressing neurons in the hypothalamic ARC is required for the regulation of normal body-weight homeostasis.
ROCK is a serine/threonine protein kinase identified as a GTP-Rhobinding protein 15 . ROCK isoforms (ROCK1 and ROCK2) in endothelial cells, heart and skeletal muscle are involved in the pathogenesis of metabolic-related diseases, such as hypertension and diabetes 16, 17 .
We and others have reported that ROCK isoforms in peripheral insulin-sensitive cells and tissues are important regulators of insulin receptor-PI3K signaling and glucose metabolism [17] [18] [19] [20] [21] . Along with this, accumulating evidence suggests that key insulin signaling mediators in hypothalamic neurons, including PI3K, PTEN and mTOR, regulate adiposity and energy metabolism in mice [22] [23] [24] [25] . In the hypothalamus, leptin binding to LepRb activates JAK2 tyrosine kinase, which is constitutively associated with the receptor, leading to enhanced downstream signaling, including Stat3 phosphorylation and PI3K activation 3 .
Given that hypothalamic insulin and leptin signaling pathways overlap 2 , we investigated the physiological role of ROCK1 in hypothalamic control of food intake and body weight, with particular emphasis on the metabolic action of leptin in hypothalamic arcuate neurons. We found that hypothalamic ROCK1 activation was necessary for the homeostatic regulation of feeding behavior and adiposity by targeting JAK2 in the neuronal leptin receptor signaling pathway, suggesting that ROCK1 is a central regulator of leptin action.
RESULTS

ROCK1 induces JAK2 phosphorylation by direct interaction
The role of ROCK1 in leptin signaling is not known. To determine whether ROCK1 regulates leptin signaling, we measured leptin-induced JAK2 phosphorylation in hypothalamic GT1-7 cells, which express endogenous LepRb. ROCK1 inhibition prevented JAK2 phosphorylation by leptin (Fig. 1a) . Leptin-stimulated JAK2 phosphorylation was reduced by either dominant-negative ROCK1 (DN-ROCK1) overexpression or ROCK inhibitor treatment, both 1 3 9 2 VOLUME 15 | NUMBER 10 | OCTOBER 2012 nature neurOSCIenCe a r t I C l e S of which block ROCK1 catalytic activity, indicating that ROCK1 activity is necessary for leptin-dependent JAK2 phosphorylation (Fig. 1b,c) . Furthermore, the physical interaction of ROCK1 and JAK2, and ROCK1-associated JAK2 phosphorylation, was greatly increased in GT1-7 cells and murine hypothalamus in vivo in response to leptin (Fig. 1d-f) . Notably, this interaction was also observed in GT1-7 cells by fluorescence cross-correlation spectroscopy (FCCS) analyses and by proximity ligation assays (PLAs; Fig. 1g-j) . However, ROCK1 binding to LepRb was not detected during leptin stimulation (Supplementary Fig. 1a) . Collectively, these data suggest that ROCK1 activation is required for leptin-mediated JAK2 activation, the initial key trigger of leptin signaling.
To further investigate the effects of ROCK1 on downstream LepRb signaling pathways, we measured Stat3 phosphorylation and SOCS3 expression in cultured cell lines. ROCK1 inhibition decreased leptin-induced Stat3 phosphorylation in GT1-7 cells and CHO cells expressing LepRb, whereas ROCK1 overexpression enhanced Stat3 activation by leptin ( Fig. 2a and Supplementary Fig. 1b) . Leptin markedly increased the gene expression of Socs3 by approximately fourfold in GT1-7 cells, but this effect was completely blocked by suppression of ROCK1 (Fig. 2b) . These data suggest that ROCK1 functions as an enhancer of proximal LepRb-JAK2 signaling, thereby stimulating downstream LepRb pathways.
To determine whether ROCK1 acts as an upstream effector of PI3K signaling, we assessed leptin-induced FOXO1 nuclear export, an indicator of activation of the PI3K-Akt signaling pathway by leptin 26 . In the basal state, the majority of FOXO1 is localized in the nucleus. Following leptin stimulation, FOXO1 nuclear export was increased, but this effect was blocked when ROCK1 expression was inhibited (Fig. 2c,d) . Similarly, leptin-mediated FOXO1 nuclear export was blocked by JAK2 or Rho-kinase inhibitors (Supplementary Fig. 1c ). These data, combined with the results of cell-fractionation analyses ( Supplementary Fig. 1d-f) , suggest that ROCK1 acts as a key upstream regulator of the PI3K signaling pathway.
Leptin increases ROCK1 activity in hypothalamus ROCK1 protein was expressed in most neurons in the brain, including hypothalamic arcuate neurons, such as POMC and AgRP/NPY I n p u t I n p u t I g G I g G e f
Leptin: npg a r t I C l e S neurons, and was highly colocalized (>95%) with LepRb or phosphorylated Stat3 (pStat3) in arcuate neurons ( Supplementary  Fig. 2a-e) . To determine whether leptin increases the enzyme activity of hypothalamic ROCK1 in vivo, we measured ROCK1 activity by immuncomplex assay. An intracerebroventricular injection of leptin in C57BL/6 mice increased ROCK1 activity in the hypothalamus. Intraperitoneal injection of leptin also stimulated hypothalamic ROCK1 activity (Fig. 3a) . In addition, a low dose of intracerebroventricular leptin increased ROCK1 activity in the hypothalamus of ob/ob mice (Fig. 3b) . However, in db/db mice, hypothalamic ROCK1 did not respond to leptin, indicating that ROCK1 activity stimulated by leptin is mediated via LepRb. Acute nutritional changes (24 h fasting and 2 h refeeding) did not affect hypothalamic ROCK1 activity (data not shown). Collectively, these data imply that ROCK1 is involved in leptin signaling in the hypothalamus.
Deletion of ROCK1 in POMC neurons causes obesity
To explore the importance of ROCK1 on POMC neurons in control of energy metabolism, we characterized the metabolic phenotype of POMC neuron-specific ROCK1-deficient mice. As important negative controls, we noted that Pomc-Cre mice and Rock1 loxP/loxP mice have similar body weight compared to wild type (data not shown). However, Pomc-Cre; Rock1 loxP/loxP mice had significantly increased body weight compared with Rock1 loxP/loxP mice (Fig. 4a) . When examined at 20 weeks of age, body weights of Pomc-Cre; Rock1 loxP/loxP mice were found to be ~10% higher (male:Rock1 loxP/loxP , 37.2 ± 1.2 g; Pomc-Cre; Rock1 loxP/loxP , 40.9 ± 1.3 g; P < 0.05, t = −2.06; female: Rock1 loxP/loxP , 28.4 ± 1.0 g; Pomc-Cre; Rock1 loxP/loxP , 30.7 ± 0.8 g; P < 0.05, t = −2.10; Fig. 4a ). The increased body weight is likely a result of an increase in fat mass (Fig. 4b,c) . In addition, PomcCre; Rock1 loxP/loxP mice had the same body length as controls (Supplementary Fig. 3f ). Furthermore, femur length, bone mineral density and bone mineral content were normal ( Supplementary  Fig. 3g-i) . POMC neuron morphologies and projections were similar in Rock1 loxP/loxP and Pomc-Cre; Rock1 loxP/loxP mice ( Supplementary  Fig. 4a-c) . Together, our findings indicate that deficiency of ROCK1 in the POMC neurons causes an impairment of energy metabolism that can lead to an increase in body fat, establishing a new role for ROCK1 in body-weight homeostasis.
We further characterized the metabolic phenotype of POMC neuron-specific ROCK1-deficient mice. Daily food intake in mice lacking ROCK1 in POMC neurons was significantly increased compared with control mice (P < 0.05, t = −2.22; Supplementary  Fig. 3a) . Thus, it appears that increased adiposity can be explained by hyperphagia in these mice, suggesting that ROCK1 is pivotal in regulating food intake.
At ~20 weeks of age, POMC neuron-specific ROCK1-deficient mice displayed hyperleptinemia and hyperinsulinemia, indicating a higher risk for leptin and insulin resistance ( Supplementary  Fig. 3b,c) . Indeed, Pomc-Cre; Rock1 loxP/loxP mice had subtle insulin resistance, as evidenced by a modest defect in the ability of insulin to decrease blood glucose (Supplementary Fig. 5a ). Neither glucose Fig. 3d-f) . Mice lacking ROCK1 in POMC neurons had reduced hypothalamic Npy mRNA levels, whereas Pomc and Agrp mRNA also tended to be reduced in these mice (Supplementary Fig. 3j ).
Leptin signaling in hypothalamic neurons is involved in regulating locomotor activity [27] [28] [29] . Data are presented as means ± s.e.m. *P < 0.05 versus control mice by unpaired Student's t test, t = −2.66. (c) Fat pads weights of 24-week-old male mice are shown (n = 6). Epi, epididymal fat; Peri, perirenal fat; Mes, mesenteric fat. Data are presented as means ± s.e.m. **P < 0.05 versus control mice by unpaired Student's t test, t = −2.27 (for Epi) and t = −2.81 (for Peri). (d,e) Diurnal and nocturnal locomotor activity of 18-week-old male mice (n = 8). All mice were weight-matched. Locomotor activity was measured using a comprehensive lab animal monitoring system (CLAMS) over 1 d (d) and averaged for light (10 h) and dark periods (14 h) (e). Data are presented means ± s.e.m. # P < 0.01 versus control mice by unpaired Student's t test, t = 2.74. (f) Energy expenditure of 16-week-old male mice (control, n = 11; knockout, n = 12). All mice were weight-matched. Oxygen consumption was measured using a CLAMS. Data are presented as means ± s.e.m. (Fig. 4d) . The majority of the decrease occurred during the dark period (Fig. 4e) and these results were confirmed by assessing locomotor activity for 2 weeks, using an infrared beam break system ( Supplementary  Fig. 5c ). However, energy expenditure was unchanged by ROCK1 deficiency in POMC neurons (Fig. 4f) . These data suggest that ROCK1 is important for regulating POMC neuron-mediated locomotor activity.
ROCK1 deletion impairs leptin action in POMC neurons
To explore whether deficiency of ROCK1 in POMC neurons alters cellular and wholebody leptin sensitivity, we measured leptin- (Fig. 5a,b) . Quantification analysis indicates that leptin-dependent Stat3 phosphorylation in individual POMC neurons was decreased by 50% in Pomc-Cre; Rock1 loxP/loxP mice compared with Rock1 loxP/loxP mice (Fig. 5b) . However, Stat3 phosphorylation by leptin in non-POMC neurons of hypothalamic arcuate was comparable in both groups (Fig. 5c) . Similar results of Stat3 phosphorylation were seen in 20-weekold mice (Fig. 5b,c and Supplementary Fig. 6a ). Immunoblotting of Stat3 phosphorylation also showed a similar reduction in arcuate tissue from Pomc-Cre; Rock1 loxP/loxP mice compared with Rock1 loxP/loxP mice (Supplementary Fig. 6b ). Collectively, these findings suggest that central leptin resistance in POMC neurons is a result of direct loss of ROCK1, and not of obesity per se. Food intake in Rock1 loxP/loxP mice was markedly decreased at 8-24 h after intraperitoneal injection of leptin. However, the ability of leptin to decrease food intake was impaired in Pomc-Cre; Rock1 loxP/loxP mice (Fig. 5d) . Moreover, fasting-induced food intake was elevated in these mice (Fig. 5e) . Together, our data suggest that ROCK1 in POMC neurons is required for maximal LepRb neuronal signaling and the anorexigenic effect of leptin, and further indicate that the increased adiposity and caloric intake of POMC neuron-specific ROCK1-deficient mice are caused by deficient LepRb signaling in POMC neurons.
ROCK1 is required for leptin-induced POMC neuronal activity Neuronal leptin action likely involves modulation of the electrical activity of hypothalamic neurons 23, 30 . Specifically, leptin normally depolarizes and increases the firing rate of POMC neurons 30 . To determine the role of ROCK1 signaling in leptin action on POMC neurons, we performed electrophysiology recordings on GFP-labeled POMC neurons in hypothalamic slices of 4-week-old Pomc-Cre; lox-GFP; Rock1 +/+ (control) and Pomc-Cre; lox-GFP; Rock1 loxP/loxP mice. Whole-cell patch recordings revealed that the basal activities of these neurons were similar between genotypes (Fig. 6a,b) . Leptin induced depolarization and increased firing rate in 10 of 18 POMC neurons in control mice (Fig. 6a) . In contrast, leptin had no effect on membrane potential and firing rate in the 11 POMC neurons from Pomc-Cre; lox-GFP; Rock1 loxP/loxP mice that we examined (Fig. 6b) . After observing no effect of leptin on POMC neurons lacking ROCK1, a recording buffer containing higher concentration of K + (40 µM NaCl was replaced by 40 µM KCl) was used at the end of each recording to ensure that these POMC neurons of Pomc-Cre; lox-GFP; Rock1 loxP/loxP mice were indeed capable of being npg a r t I C l e S activated (data not shown). In control mice, leptin depolarized POMC neurons by 4.0 ± 0.2 mV and increased the firing rate 2.1-fold, whereas in Pomc-Cre; lox-GFP; Rock1 loxP/loxP mice, leptin failed to depolarize POMC neurons and increase the firing rate (Fig. 6c,d) . Collectively, these data suggest that ROCK1 is required for leptin-dependent regulation of neuronal activity of POMC neurons. In contrast, insulin hyperpolarized POMC neurons and decreased their firing rate in control mice (Fig. 6e) . These effects were also found in POMC neuron-specific ROCK1-deficient mice (Fig. 6f ) , indicating that insulin-mediated changes in neuronal activity of POMC neurons occur independently of ROCK1. These results are consistent with previous findings that a subset of POMC neurons is insulin responsive [22] [23] [24] . Taken together, our data further suggest that ROCK1 regulation of POMC neuronal activity is leptin specific.
Loss of ROCK1 in AgRP neurons leads to obesity
To determine the physiological role of ROCK1 in AgRP neurons on body weight homeostasis, we assessed the adiposity of AgRP neuron-specific ROCK1-deficient mice. Consistent with our results in POMC neuron-specific ROCK1-deficient mice, body weight was increased by ~12% in AgRP neuron-specific ROCK1-deficient mice compared with control mice at 18 weeks of age (male: control, 34.3 ± 1.5 g; ROCK1 deficient, 39.8 ± 1.2 g; P < 0.01, t = −2.83; Fig. 7a) . These effects were a result of an increase in fat mass, but not lean mass (Fig. 7b) . Concurrently, adipose tissues of AgRP neuron-specific ROCK1-deficient mice were significantly increased compared with controls (P < 0.05, t = −2.39; Fig. 7c) . Together, our findings indicate that ROCK1 is important for the regulation of body weight and adiposity in AgRP-expressing neurons.
Hypothalamic ROCK1 promotes food intake and adiposity
To further test whether deficiency of ROCK1 in the broader hypothalamic ARC area of neurons leads to severe obesity, we injected adenoassociated virus encoding Cre recombinase (AAV-Cre) bilaterally into hypothalamic arcuate of Rock1 loxP/loxP mice and adenovirus encoding ROCK1 into hypothalamic arcuate of C57BL/6 mice (Fig. 8) . Control mice were injected with AAV encoding GFP (AAV-GFP) or adenovirus encoding GFP (Ad-GFP). We targeted a larger area, the mediobasal hypothalamus encompassing the ARC, ventromedial hypothalamus and dorsomedial hypothalamus (Fig. 8a) . Immunoblotting analysis indicated that ROCK1 expression levels in the hypothalamus were reduced in AAV-Cre-injected Rock1 loxP/loxP mice and were increased in mice injected with adenovirus encoding ROCK1 (Fig. 8a) .
Body weight was greatly increased by 20 weeks after the AAV injection in AAV-Cre-injected Rock1 loxP/loxP mice compared with that of AAV-GFP-injected Rock1 loxP/loxP mice (body weight: AAV-GFP, 32.7 ± 1.6 g; AAV-Cre, 42.3 ± 2.6 g; P < 0.05, t = 2.95; Fig. 8b ). These effects are most likely a result of increased food intake (Fig. 8e) . In parallel, total fat mass also was increased, but lean mass was similar in AAV-Cre-injected Rock1 loxP/loxP mice (Fig. 8c) . Conversely, adenovirus-mediated overexpression of hypothalamic ROCK1 notably decreased food intake and body weight for 7 d after the adenovirus injection (Fig. 8d,e) . Collectively, these data suggest that ROCK1 activation in ARC neurons is necessary for normal food intake and body-weight homeostasis.
DISCUSSION
We explored the role of ROCK1 in the regulation of food intake and energy metabolism, focusing on the possibility that hypothalamic ROCK1 activation is required for normal body-weight regulation. Although ROCK1 has not previously been suspected to be involved in the control of energy balance, our data indicate the necessity of hypothalamic ROCK1 in the regulation of food intake and normal body-weight homeostasis by phosphorylation and activation of leptin receptor-associated JAK2. Thus, we identify ROCK1 as an important regulator of adiposity and a potential therapeutic target for the prevention and treatment of obesity.
We found that leptin-dependent JAK2 tyrosine phosphorylation was markedly reduced by inactivation of ROCK1, suggesting that ROCK1 acts at a proximal step in the LepRb signaling pathway. We also observed that, following leptin stimulation, ROCK1 physically interacted with JAK2, but not LepRb, the initial crucial component in intracellular LepRb signal transduction. Tyrosine phosphorylation of JAK2 proteins in ROCK1-JAK2 complexes was greatly elevated in samples from leptin-treated cells or hypothalamus tissues, indicating enhanced JAK2 enzymatic activity. It is therefore predicted that all LepRb-pathways downstream of JAK2 are influenced by ROCK1, including Stat3 and FOXO1 regulation, both of which are impaired in npg a r t I C l e S cells lacking ROCK1 activity during leptin stimulation. In this regard, it should be noted that leptin-mediated Stat3 tyrosine phosphorylation in ROCK1 knockdown GT1-7 cells and in POMC neurons lacking ROCK1 was impaired by ~50% when JAK2 phosphorylation was nearly abolished. The discrepancy may be a result of the fact that leptin-induced Stat3 phosphorylation can occur in the absence of JAK2, presumably via Src and Fyn signaling 31 . Thus, it is likely that the partial inhibition of leptin-stimulated Stat3 phosphorylation by ROCK1 loss results from JAK2-independent leptin signaling. A crucial metabolic signal is the fat-derived anorexigenic hormone leptin, which directly activates hypothalamic POMC neurons, an important site for the regulation of energy homeostasis 13, 30 . We investigated the role of ROCK1 in POMC-expressing neurons. Notably, the metabolic phenotypes of POMC neuron-specific ROCK1-deficient mice are nearly identical to those of POMC neuron-specific LepRb-deficient mice 13 . For example, the degree of obesity (~10%) seen in Pomc-Cre; Rock1 loxP/loxP mice is similar to that seen in Pomc-Cre; Lepr loxP/loxP mice, and is also consistent with recent findings that restoration of LepRb in only POMC neurons in LepRb-deficient mice causes a ~10% decrease in body weight relative to male Lepr db/db control mice of the same age 29 . Thus, ROCK1 signaling in POMC neurons is a key downstream regulator of LepRb signaling that is necessary for the homeostatic control of body weight. Furthermore, the degree of obesity caused by ROCK1 deficiency is consistent with the possibility that ROCK1 is an important cellular mediator of LepRb signaling in POMC neurons.
An important function of leptin is to modulate the function of specific neuronal subtypes by altering neuronal electrical activity in hypothalamic neurons 23, 30 . Electrophysiological studies have shown that leptin depolarizes and increases the firing rate of POMC neurons 31 and inhibits the tone of AgRP neurons 9, 30 . Specifically, leptin's effect on POMC neuronal activity is thought to be mediated via the PI3K signaling pathway 22 . In addition to this current dogma, our data suggest that ROCK1 is required for the leptin-induced neuronal activity of POMC neurons, as revealed by the ablation of leptin's effects on membrane potential and firing rate in the absence of ROCK1. These results are similar to findings in mice lacking PI3K in POMC neurons, raising the possibility that both ROCK1 and PI3K activate the same signaling node to regulate neuronal activity. This notion is further supported by our finding that the PI3K-FOXO1 pathway is regulated via a JAK2-ROCK1-dependent signaling mechanism. Thus, we propose that ROCK1 is an important upstream regulator of PI3K and that ROCK1-PI3K activation is necessary for the control of leptin-dependent electrical activity in the hypothalamic POMC neurons, establishing a new ROCK1-PI3K signaling axis in neuronal leptin action.
The extent to which POMC neuronal activity is required for the anti-obesity actions of leptin remains unclear. A previous study found that PI3K signaling in POMC neurons is not a key contributor of longterm body-weight regulation despite its critical role in acute control of POMC neuronal activity 22 . Our findings indicate that modulation of ROCK1 in POMC neurons has a substantial effect on both long-term body-weight homeostasis and on neuronal activity. If increased firing of POMC neurons by leptin does not influence long-term energy balance, as reported previously, it has to be concluded that the increased adiposity of Pomc-Cre; Rock1 loxP/loxP mice is caused by dysregulation of signaling pathways other than the PI3K pathway. For example, it is possible that the observed impaired leptin-activated Stat3 signaling in Pomc-Cre; Rock1 loxP/loxP mice is responsible for the obesity of these animals, as global deletion of the Stat3 activation site on LepRb causes massive obesity 32 . On the other hand, selective deletion of Stat3 in POMC neurons only causes mild obesity in female mice 33 , whereas we found obesity in both males and females. This might suggest that the deletion of ROCK1 affects several intracellular pathways in addition to Stat3. This possibility is consistent with our data showing that ROCK1 acts at the level of JAK2, the upstream mediator of most, if not all, LepRb signaling pathways.
Given that inhibition of ROCK1 expression or activity impairs leptin signaling, it is hypothesized that ROCK1 deficiency would block leptin signaling in AgRP neurons, thereby leading to the impaired metabolic action of leptin. As a result, mice lacking ROCK1 in AgRP-expressing neurons would be expected to be obese, as we observed. Taken together with our observation that ROCK1 deficiency in POMC neurons impaired leptin-stimulated, but not insulin-stimulated, neuronal activity, these data suggest that ROCK1 regulation of AgRP (and POMC) neuron functions in body-weight homeostasis is leptin specific rather than a general perturbation of AgRP neuronal physiology.
Considering that other neurons and sites in the hypothalamus are also involved in leptin's regulation of normal body weight 6 , it is hypothesized that ROCK1 deletion in wider regions of the hypothalamus can further accelerate the development of adiposity compared with deletion of ROCK1 in just arcuate POMC or AgRP/NPY neurons. Consistent with this, we found a marked increase (~30%) in body weight when ROCK1 was deleted in the hypothalamic regions that include ARC (possibly containing POMC, AgRP/NPY, and other neurons), ventromedial hypothalamus and dorsomedial hypothalamus. Body weight was increased approximately threefold compared with that of POMC neuronspecific ROCK1-deficient mice at ~20 weeks of age, highlighting the importance of ROCK1 in other regions of the hypothalamus for energy balance. Supporting this, it has been shown that LepRb deficiency in both POMC and AgRP neurons (in the ARC region) or in both POMC and SF-1 neurons (ARC and non-ARC region) has additive effects on body weight 14, 34 . Whether deficiency of ROCK1 on these neurons has additive or synergistic effects on body-weight gain remains unknown.
It should be noted that the metabolic phenotypes resulting from hypothalamic ROCK1 knockout or knockdown may also involve changes in other intracellular signaling pathways, such as insulin or BDNF, both of which stimulate PI3K signaling 20, 35 . Indeed, we previously found that insulin's ability to activate PI3K is impaired by ROCK1 deficiency in skeletal muscle 20 . Our data also do not establish the exact role of ROCK1 activity in normal physiological or pathophysiological leptin action. Although ROCK1 activity was increased in the hypothalamus following supraphysiologic leptin stimulation, it was not changed by acute physiological fasting (24 h) or refeeding (2 h). These data imply that, although hypothalamic ROCK1 is required for intact leptin signaling, dynamic alterations in ROCK1 level or activity may have a limited role in acute changes in energy balance under physiologic or pathophysiologic circumstances. Further investigations are needed to clarify this question.
In conclusion, we found that ROCK1 is an important positive regulator of leptin receptor signaling in hypothalamic neurons. Following leptin stimulation, ROCK1 was activated and rapidly phosphorylated JAK2 on serine residues, which in turn promoted downstream signaling pathways of leptin, including Stat3 and PI3K signaling, ultimately leading to control of energy balance (Supplementary Fig. 6c ). We therefore propose that ROCK1 will need to be added to the current leptin signaling model in the hypothalamus. This model provides a new mechanism that advances our understanding of central leptin action and body weight regulation.
METHODS
Methods and any associated references are available in the online version of the paper. npg a r t I C l e S Note: Supplementary information is available in the online version of the paper. leptin-induced Stat3 phosphorylation. Mice were intraperitoneally injected with leptin (3 mg per kg of body weight) or vehicle and killed 30 min after the injection. Coronal brain sections were subjected to double immunohistochemistry for pStat3 and POMC as described 41 . In total, pStat3 was quantified in 242 (6 weeks old) or 210 (20 weeks old) random POMC neurons from Rock1 loxP/loxP male mice (n = 3) and in 251 (6 weeks old) or 246 (20 weeks old) POMC neurons from Pomc-Cre; Rock1 loxP/loxP male mice (n = 3). electrophysiological studies. Brain sections from 4-week-old male PomcCre; lox-GFP; Rock1 +/+ and Pomc-Cre; lox-GFP; Rock1 loxP/loxP were prepared as described 34 . Briefly, coronal sections (200 µM) were cut with a Leica VT1000S Vibratome and then incubated in oxygenated an artificial cerebrospinal fluid solution at 22-24 °C for at least 1 h before recording. POMC neurons were identified by GFP fluorescence, and whole-cell recordings were made using a MultiClamp 700B Amplifier (Molecular Devices) and pClamp 9.2 software (Molecular Devices). Recording electrodes had resistances of 2.5-4 MΩ when filled with the following solution containing 128 mM potassium gluconate, 10 mM HEPES, 1 mM EGTA, 10 mM KCl, 1 mM MgCl 2 , 0.3 mM CaCl 2 , 5 mM Mg-ATP and 0.3 mM Na-GTP (pH 7.35 with KOH). Leptin, insulin or vehicle was applied to bath solution through perfusion. Membrane potential and firing rate were analyzed with MiniAnalysis Program (Synaptosoft) as described 34 .
Blood parameters and food intake. Mice were weighed at weaning (3 weeks) and weekly thereafter. Blood was collected from random fed or overnight fasted male mice. Blood glucose was measured using an OneTouch Ultra glucometer (LifeScan). Serum insulin and leptin were measured by enzyme-linked immunosorbent assay (Crystal Chem). Serum corticosterone was measured with a commercially available kit (ICN Biomedical). Leptin-or fasting-induced food intake was measured in male mice at 12-14 weeks of age.
Body composition, locomotor activity and energy expenditure. Fat and lean body mass were assessed using EchoMRI (Echo Medical Systems). Fat pads were harvested and weighed. Locomotor activity or energy expenditure was measured in 18-week-old male mice using a comprehensive lab animal monitoring system (CLAMS, Columbia Instruments). Locomotor activity was also monitored for 2 weeks using an infrared beam break systems (OptoM3 apparatus, Columbia Instruments).
Hypothalamic neuropeptide expression. Neuropeptide mRNA was determined by quantitative PCR as described 13 . Primer and probe sequences for POMC, AgRP and NPY were also as described 13 .
Stereotaxic AAV or adenovirus injection. AAV-eGFP or AAV-Cre were bilaterally injected into the mediobasal hypothalamus (2.2 × 10 13 pfu) of 4-weekold male Rock1 loxP/loxP mice as described 42 . Adenovirus encoding ROCK1 (10 11 pfu) or GFP was also bilaterally injected into the mediobasal hypothalamus of 10-week-old C57BL/6 male mice as described 43 . Results from animals shown to have received correct injections were included in analyses, as described 42, 43 .
Statistical analysis. Data are presented as means ± s.e.m. Statistical analyses were performed using Stat View software (Abacus Concepts). Unpaired Student's t tests were used throughout to compare two distinct groups. For analysis of neuronal activities, paired Student's t tests were used to compare activity before and after leptin treatment. When more than two groups were compared, one-way ANOVA followed by post hoc tests (Fisher's PLSD) was used. For all tests, P < 0.05 was considered to be statistically significance.
